The biochemical properties of CaMKII raised the possibility that the dynamic regulation of the ␣ and ␤ isoforms cultures treated with BIC to prevent inhibitory neurotransmission, ␣CaMKII-IR was 23.6% Ϯ 11.0% higher than control (p Ͻ 0.05). In these same cultures, inverse changes were found in ␤CaMKII. In this case, immunoreactivity after TTX treatment was 56.8% Ϯ 11.4% above control (p Ͻ 0.02); after BIC treatment, ␤CaMKII was 31.3% Ϯ 8.9% lower than control (p Ͻ 0.02). Because of the reciprocal nature of this regulation, moderate changes in protein levels translated into large changes in the relative proportions of ␣ and ␤ isoforms. Figure 1C shows calculated changes in ratio relative to control after treatment with TTX and BIC. When the ␣/␤ ratio is simply referenced to its control value (left ordinate), the ratio increases 1.82-fold with enhanced neuronal activity (BIC) and decreases 2.70-fold with decreased activity (TTX). To put the relative changes in more concrete terms, it is useful to note that using biochemical methods rather than immunoreactivity, Bennett et al. (1983) have found that the mean ␣/␤ ratio in the hippocampus is ‫.1:3ف‬ Assuming this to apply to the neurons under control conditions in our hippocampal cultures, we scaled all of the ␣/␤ ratios (right hand ordinate). Accordingly, the ␣/␤ ratio rises to 5.45 under conditions of increased activity and falls to 1.12 with decreased activity. However it is expressed, the ␣/␤ ratio varies approximately 5-fold under the range of conditions. We take this as support for the hypothesis that the relative proportions of ␣ to ␤ are under strong regulatory control, perhaps to maintain dynamic sensitivity to changes in the levels of Ca 2ϩ signals.
Reciprocal Regulation of ␣-and ␤CaMKII in Both through a z stack by laser-scanning confocal microscopy. Our data confirms previous reports (Sik et al., 1998) of the enzyme might alter neuronal tuning to different patterns of activity. To test this, we first examined the that inhibitory neurons, shown by positive staining for GAD-65, are immunoreactive for ␤CaMKII but lack regulation of ␣-and ␤CaMKII levels in response to chronic changes in firing. Coverslips of hippocampal ␣CaMKII (Figure 2A , ␣CaMKII, top panels; ␤CaMKII, lower panels). Consequently, the regulation of ␤CaMKII CA3-CA1 cultures (16 DIV) were incubated for 24 hr in either 1 M tetrodotoxin (TTX) to suppress spike activity, was analyzed separately in the cell bodies of both inhibitory and excitatory neurons in order to make relevant 10 M bicucculine (BIC) to increase activity through block of inhibitory transmission, or in blocker-free comparisons to changes in ␣CaMKII. Analysis of the mean fluorescence intensity of the neuronal cell bodies growth media as a control. Under each condition, total protein was extracted, run out in equal amounts on a of GAD-65-negative excitatory neurons (nucleus excluded) showed that the regulation of ␣-and ␤CaMKII gel, and probed in Western blots with antibodies specific to ␣CaMKII (N ϭ 5 TTX, 7 BIC) or ␤CaMKII (N ϭ 5) (Fig- was consistent with that seen in Western blots for each experimental condition ( Figures 2B and 2C) . ␣CaMKII in ure 1A).
Densitometric analysis of both ␣ and ␤CaMKII immuthe cell bodies was decreased following treatment with TTX (Ϫ46.5% Ϯ 5.9%, p Ͻ 0.005) and increased follownoreactivity showed significant changes ( Figure 1B) of ␣-and ␤CaMKII immunoreactivity at synapses showed the same general pattern of changes observed in neuronal somata ( Figures 3A and 3B) . ␤CaMKII-IR rose above control following 24 hr treatment with TTX (32.4% Ϯ 7.0%, p Ͻ 0.005) and fell below control following 24 hr treatment with BIC (Ϫ20.8% Ϯ 5.0%, p Ͻ 0.05). Conversely, ␣CaMKII-IR at synapses was reduced below control following treatment with TTX (Ϫ26.9% Ϯ 9.1%, p Ͻ 0.005). However, treatment with BIC produced only a marginal change in ␣CaMKII-IR, if any (16.1% Ϯ 5.9%), not significantly greater than control (p Ͼ 0.1). Relative to cell bodies, a small effect at synapses would be intrinsically harder to detect; apart from the small size of synapses, any postsynaptic changes in ␣CaMKII would be difficult to separate completely from the contribution of presynaptic ␣, which may or may not be regulated. 5D ). This indicated that ␤CaMKII was able to regulate the level of ␣CaMKII but not vice versa.
Preferential

Opposing Effects of ␣-and ␤CaMKII on Synaptic Strength
The effects of ␣CaMKII on synaptic strength have been well studied in recent years. However, little is known about the effects of ␤CaMKII, either in homomers or ␣/␤ heteromers. The two isoforms have similar catalytic domains, and no conclusive difference in substrate specificity has been reported (Miller and Kennedy, 1985) . However, differences in their cellular localization and binding affinities may define their access to specific substrates ( positive neurons were compared with untransfected Despite the lack of effect of ␤CaMKII on amplitude, when the differential effects of the isoforms on amplitude were combined with their actions on decay time, significant and opposing effects on synaptic charge emerged. As measured by the mean area of the minis, the mean synaptic charge from ␣CaMKII-transfected cells (188.1 Ϯ 41.9 pA·ms) was significantly larger than control (95.9 Ϯ 18.0 pA·ms) (p Ͻ 0.005). Conversely, the mean synaptic charge in mEPSCs from ␤CaMKII-transfected cells (65.3 Ϯ 12.2 pA·ms) was significantly smaller than control (p Ͻ 0.005) ( Figure 7D) .
Taken together, these data indicate that ␣-and ␤CaM-KII have distinct, opposing effects on both mEPSC frequency and synaptic strength. While the ␣CaMKII-transfected cells showed a significant augmentation of the synaptic charge carried by individual unitary synaptic mEPSCs, the frequency of such events was significantly decreased. Conversely, in ␤CaMKII-transfected cells, the average synaptic charge was significantly lowered, while the frequency was increased. Thus, the changing ratio of ␣-and ␤CaMKII can dramatically influence synaptic transmission.
Effects of Activity-Dependent Regulation of ␣-and ␤CaMKII on Synaptic Transmission
Having found that neuronal activity controls the ␣/␤ ratio, and in turn, that the balance between ␣ and ␤ strongly affects unitary synaptic properties, we asked whether these events might contribute significantly to ( Figure 8C ). The speeding of decay represents a new aspect of activity-dependent regulation that could not As a further check to assess which of these effects have been predicted from ultrastructural work alone.
were dependent on CaM kinase activity, we measured Once again, the activity-dependent effect was in good mEPSCs in NBQX-treated and control CA3-CA1 cultures agreement with that expected from demonstrated efthat had been concomitantly treated with CaM kinase fects of the CaMKII isoforms. However, cells treated inhibitor KN-93 (n ϭ 12 control, 12 NBQX) or, as a negawith NBQX displayed a small but significant increase in tive control, its inactive analog KN-92 (n ϭ 10 control, amplitude (30.52 Ϯ 0.77 pA) relative to controls (25.00 Ϯ 9 NBQX). As expected, the positive change in frequency 0.53 pA) (p Ͻ 0.05) (Figure 8D ), contrary to the lack of produced by NBQX treatment (ϩ142% Ϯ 45%) was effect on amplitude expected for increased ␤CaMKII abolished, indeed reversed relative to controls, in the ( Figure 7C ). This suggests that there is likely to be at presence of KN-93 (Ϫ71% Ϯ 5%, p Ͻ 0.02) ( Figure 9A It first came as a surprise that activity-dependent creased activity, leading to a wide variation in the ␣/␤ changes in ␣ and ␤ isoforms arose from largely distinct ratio. Second, the activity-dependent alterations in ␣-pathways, involving different glutamate receptors: levand ␤CaMKII were traced to significantly different pathels of ␣CaMKII (but not ␤) were strongly influenced by ways, involving different glutamate receptors. Third, a NMDAR activity; in contrast, ␤CaMKII was strongly afcausal link was found between levels of ␣ and ␤, inasfected by AMPAR activity. These new findings make much as transfection of ␤CaMKII produced a significant sense if put in context of previous studies on neuronal decrease in the level of the ␣ isoform. Fourth, alterations CaMKII. The strong reduction of ␣CaMKII but sparing in ␣-and ␤CaMKII were found to have distinguishable of ␤ by blockade of NMDA receptors can be interpreted functional consequences on unitary synaptic transmisin light of several related observations. First, multimeric sion: when introduced specifically by transfection, ␣ CaMKII takes the form of ␣ homomers as well as ␣/␤ augmented quantal charge while ␤ diminished it. In each heteromultimers (Bennett et al., 1983; Brocke et al., case, alterations in individual synaptic weights were off-1999; Kanaseki et al., 1991). Second, NMDAR-depenset by opposing effects on spontaneous mini frequency. dent changes in the abundance of ␣CaMKII can be deFinally, blocking of AMPARs, which resulted in an intected as soon as 5 min after stimulation in hippocampal crease in ␤ and decrease in ␣, led to effects on synaptic slices (Ouyang et al., 1999) , consistent with a localized transmission that were similar to those induced by transdendritic translation of ␣CamKII mRNA. Third, ␤CaMKII fection of ␤ and were prevented by the CaMK inhibitor mRNA is absent in dendrites (Burgin et al., 1990), leaving KN-93. These findings demonstrate that activity-depen-␣ homomers as the only enzyme species that could be dent regulation of the ␣/␤ ratio has important functional formed there. Taken together with these observations, consequences, both for synaptic plasticity and homeostasis.
our findings are consistent with a simple model wherein recordings which showed that overexpression of ␣-or (Table 1) .
of ␣-and ␤CaMKII on mEPSC decay is uncertain. We The observation that levels of ␤CaMKII strongly inconsidered the possibility of a change in postsynaptic creased in response to blockade of AMPA receptors, morphology, leading to improved kinetic resolution of not NMDARs, suggested that regulation of ␤ may be an intrinsically rapid synaptic current (Spruston et al., quite different than proposed for ␣ alone. Under various 1993), but found no significant alterations in cable proppharmacological conditions, the pattern of changes oberties between ␣-and ␤-transfected neurons relative to served in ␤CaMKII was always consistent with an incontrol with respect to input resistance, input capaciverse relationship with AMPAR activity (Table 1) subsynaptic sites where it could contribute to LTP. Understanding the full implications for plasticity and metaplasticity will become easier once we know more about Role of CaMKII in Activity-Dependent Changes how the subunit composition of CaMKII affects its celluin Synaptic Transmission lar localization and degree of autophosphorylation and Treatment of hippocampal neurons with AMPAR blocker how alterations in the ␣/␤ ratio and its downstream NBQX resulted in an increase in the frequency of effects unfold over time scales ranging from minutes to mEPSCs as well as a speeding of their decay. Because days. the same intervention raised ␤CaMKII and decreased Altering the levels of ␣ and ␤ caused striking changes ␣CaMKII, and because raising ␤ and decreasing ␣ in both mini size and frequency. Once again, the overall through direct transfection replicated these effects of change in synaptic function cannot be neatly pigeonaltered activity, we concluded that regulation of ␣-and holed into strict categories of "synaptic homeostasis" ␤CaMKII played a significant role in the activity-depenor "synaptic plasticity" alone. Increases in the ␣/␤ ratio dent changes. Conclusions based on mimicking activityaccentuated the contribution of individual synaptic events dependent changes by introduction of exogenous CaM-(augmented mini area), while also tending to decrease KII were buttressed by pharmacological experiments the number of quanta received per unit time (lowered which showed that the alterations in mini frequency and mini frequency), thus keeping the total synaptic drive time course were prevented by the CaM kinase inhibitor within reasonable bounds. Evidently, simple biochemi-KN-93, but not the inactive analog KN-92.
cal changes can induce a powerful combination of selfSome of the synaptic consequences of changes in reinforcing local changes, but negative feedback regulaneuronal activity could not be accounted for by regulation over the neuron as a whole. tion of ␣-and ␤CaMKII. NBQX treatment also resulted in a small but significant increase in mEPSC amplitude, would be further raised, thereby changing the rules gov-
